The current work proposes a method and circuitry for a lightning strike detection system with current and vibration detecting features. A Rogowski coil is used for current detection, which can be placed around a conductor where the lightning current is expected to flow. The method also provides means of ascertaining which tower is closest during the moment of the strike through use of a dual-axis accelerometer by making use of the vibration at the moment of the strike and correlating that with the detected current. A small scale prototype was built that performed adequately and was in line with the theoretical and simulation results.
INTRODUCTION
Lightning strikes can cause damage to transmission towers and lines and structural monitoring is a necessary step in determining the condition of the structures. There have been cases in which towers failed due to broken conductor attributable to lightning damage [1] . Thus, a lightning strike detector is necessary for condition monitoring in transmission towers and is essential in any smart grid configuration.
In the past, many different methods have been proposed for the detection of lightning strikes. Some of these included the use of Rogowski Coils [2] [3] [4] for lightning current detection and measurement whereas others focused on electromagnetic radiation and sound waves in air which can end up being quite expensive [5] and cannot distinguish between strikes to towers or lines from strikes in the vicinity. Although the current detection method can be quite reliable for accurate detection of lightning strikes on structures, a double detection method is often desired, in order to avoid false positives. A change in polarity might also lead to incorrect results in the case of Rogowski Coils [6] . Hence, the current detection method should be reinforced with a secondary detection technique such as MEMS (Microelectromechanical Systems) sensors, which are used for structural vibration and seismic motion detection purposes [7, 8] .
This paper discusses a Lightning Strike Detector with current and vibration detection capabilities. The aim is to make use of the lightning current as well as the vibration caused by the lightning strike. This double detection measure ensures the proper detection of a lightning strike, reduces the chances of false detection and allows for determination of the nearest tower.
II. LIGHTNING STRIKE DETECTOR
Lightning strikes can cause damage in transmission towers and timely detection is necessary before it leads to a disaster. The Lightning Strike Detector is comprised of a current detector and a vibration detector. The Current detector was built using a Rogowski Coil and the Vibration Detector was built using an accelerometer.
The Rogowski Coil can be placed around a member of the tower to detect current to ground due to lightning. It can also be used to detect fault currents to ground. A voltage develops across the coil, proportional to the current [9] . The detection of current confirms the presence of a strike but it does not give an indication regarding which tower is closest since currents are expected to flow to ground through multiple towers. To resolve this, an accelerometer is attached to the tower. The vibration of the tower at the moment of the strike is useful in determining the time correlation between the strike and the current detection. In order to differentiate between vibration due to lightning strike and that due to other causes such as high wind speeds, the detection is only flagged for vibrations that are preceded by a current being detected by the Rogowski Coil.
A. Current Detector
The Current Detector consists of a Rogowski Coil used as a current transformer and associated circuitry. The coil can be opened and placed over a conductor through which the current flows. The coil can be placed around any member of a transmission tower or the grounding wire to determine the occurrence of lightning strikes.
The use of the Rogowski Coil has a number of advantages including simplicity and low cost, reasonably small size and weight, no saturation at possibly large currents. In addition it is a linear device and hence there are no issue with magnetization and magnetization errors [10] . 
Given a time dependent current at angular frequency ω, the emf induced in the coil is:
It should be noted that during a lightning strike the current itself can be large but also, the frequency can be relatively high with a mean frequency around 100 kHz. Thus, the emf developed can be significant. The coil in Fig. 1 shows a large number of turns because it was used in a prototype where the current was low but in practice the number of turns will be small. Figure 2 shows the block diagram of the current detector. The circuit is rather simple, primarily because the expected current is high. For the prototype, a circular plastic ring was wound with copper wires. A Metal-Oxide Varistor (MOV) was added for voltage protection [11] . The Full Wave Rectifier ensures that a reversal in the polarity of the current does not affect the operation of the circuit since the output is connected to a microprocessor as part of an integrated transmission line sensing system. The emf is integrated using an RC circuit to eliminate transients and limited to a value safe as input to microprocessors. A threshold of 0.5 V is introduced. Figure 3 shows the circuit diagram of the system. The resistance and inductance of the Rogowski coil was found to be equal to 24.52 and 4.506 mH. For impedance matching, the complex conjugate of the impedance of the rogowski coil, made of resistance of 24.52 and capacitance of 5.618 uF was placed across the coil. M is the mutual inductance of the coil.
The transfer function of the Rogowski coil is: 
B. Vibration Detector
The vibration detector prototype was built using a 2-axis accelerometer, connected to a microprocessor. In this case an accelerometer with a rather limited range of ±3 g was deemed appropriate [12] . Although there are different ways of interfacing microprocessors, the particular device selected features PWM output with 50% duty cycle at zero acceleration. This type of output is easily interfaced to a microprocessor. The low range is an advantage in the present application since the vibrations caused by the lightning strike is expected to be low, except for a direct strike to the tower.
The flowchart for the vibration detection is shown in Figure  4 . After the initialization, a calibration step is put into place which can be used to determine the maximum and minimum values of acceleration (or movement) experienced in the x and y axis respectively, while in the rest position. If the acceleration experienced in x-axis and/or y-axis either exceeds the maximum acceleration or goes below the minimum acceleration, then a vibration notification is sent by the vibration detector. A threshold of 10 milli g is introduced in order to avoid false positives. 
III. RESULTS FOR THE CURRENT DETECTOR

A. Simulation Results
The simulation results are given in figures 5 through 7. The simulation of the circuit involving the Rogowski coil was carried out in LTspice. A damped sinusoidal input current with an amplitude in the range of thousands of kilo amperes was used as the input in order to mimic a typical Lightning current [4, 10, 13, and 14] . For the purpose of simulation, two zener diodes connected in opposition were used, in place of the MOV, so that any voltage above 5V was clipped. This is done due to the fact that the microcontroller cannot measure voltages above 5V. A resistor was added in parallel to the output capacitor in order to ensure that the capacitor was discharged once the lightning current was recorded. Figure 5 shows the Bode plot of the system. The system has a smooth response from 1 kHz to 9.57 MHz, thus making it suitable for detecting lightning current of various frequency ranges. The input current is given in Figure 6a 
B. Experimental Results
To test the prototype, a signal generator was used as a source of current at various frequencies (the assumed frequency of the lightning strike is around 100 kHz) of a few hundred mA, due to the unavailability of instruments for large scale tests. The prototype was also tested using a transient current. Due to the small measured current, the prototype coil contained a large number of turns, 1050, but in the actual sensor, the number of turns would be small, 10-20, due to the high expected current.
The induced emf of the coil with the constant sinusoidal input current is given in Figure 8 together with the output of the current detector. The output of the circuit with the transient input current is given in Figure 9 . The current detector produced approximately 3 V with a sinusoidal current of about 300 mA. The prototype when tested using a transient current of 1 A peak amplitude and duration of 50 ms performed adequately to produce approximately 2.5 V.
Induced emf
Output Voltage IV. RESULTS FOR THE DETECTOR Figure 10 shows the results for the Lightning Strike detector. The acceleration is given in milli g's. The prototype was tested with minor levels of vibration such as knocks and transient current. Whenever a significant change in either the xaxis and/or the y-axis, was detected, a vibration notification was given to the microprocessor. As mentioned previously, the vibration itself is of no interest but it allows identification of the nearest tower to the lightning strike for maintenance purposes and excludes any vibrations not accompanied by a detected current since that means that the lightning strike is not to a tower or a line, hence no damage to the structure. Timely detection of lightning strikes is necessary before it leads to catastrophic consequences. This dual detection method can be used detect a lightning strike to a member of the transmission system and identify the nearest tower. The practical results of the current detector conformed to the theoretical formulas and simulation results. The vibration detector also worked perfectly when subjected to different levels of vibration. Thus, the system can be implemented for use for actual lightning strike detection in transmission towers. The two detection systems will be connected through a simple algorithm whose purpose is to correlate a current detected in a tower with the lightning strike from the time of arrival data. This then allows detection of the nearest tower to the lightning strike whereas the current detection identifies only those strikes that actually hit the structure. This would later be part of a larger system where the information would be sent to the authorities for condition monitoring.
